Toxascaris leonina galectin (Tl-gal) is a galectin-9 homologue protein isolated from an adult worm of the canine gastrointestinal nematode parasite, and Tl-gal-vaccinated challenge can inhibit inflammation in inflammatory bowel disease-induced mice. We determined the first X-ray structures of full-length Tl-gal complexes with carbohydrates (lactose, N-acetyllactosamine, lacto-N-tetraose, sialyllactose, and glucose). Bonds were formed on concave surfaces of both carbohydrate recognition domains (CRDs) in Tl-gal. All binding sites were found in the HXXXR and WGXEER motifs. Charged Arg 61 /Arg 196 and Glu 80 /Glu 215 on the conserved motif of Tl-gal N-terminal CRD and C-terminal CRD are critical amino acids for recognizing carbohydrate binding, and the residues can affect protein folding and structure. The polar amino acids His, Asn, and Trp are also important residues for the interaction with carbohydrates through hydrogen bonding. Hemagglutination activities of Tlgal were inhibited by interactions with carbohydrates and mutations. We found that the mutation of Tl-gal (E80A/E215A) at the carbohydrate binding region induced protein aggregation and could be caused in many diseases. The short linker region between the N-terminal and C-terminal CRDs of Tl-gal was very stable against proteolysis and maintained its biological activity. This structural information is expected to elucidate the carbohydrate recognition mechanism of Tl-gal and improve our understanding of anti-inflammatory mediators and modulators of immune response.
Parasite-derived proteins can inhibit ovalbumin-specific Th2 responses, and immunization with parasite protein has been shown to exert greater protection than allergen transaction (1) . The complex interplay of parasites between infections and autoimmunity has recently been the focus of many studies. The relationship between intestinal helminthic parasites has been of particular interest because it has been used to cure autoimmune diseases, especially Crohn's disease (2) . Toxascaris leonina is a gastrointestinal nematode parasite found in adult canines, and T. leonina galectin (Tl-gal) 3 is a galectin-9 homologue gene isolated from the T. leonina parasite. Tl-gal can inhibit inflammatory reactions through inhibition of Th1 and Th2 cytokine production by increasing production of the cytokines TGF-␤ and IL-10 (3). Tl-gal-vaccinated challenge can inhibit inflammation in inflammatory bowel disease-induced mice, and the colons of the Tl-gal treated mice were longer than those of inflammation-induced dextran sulfate sodium-treated mice.
Tl-gal shows 15-35% sequence identity with other tandem repeat type galectins (galectin-4, -6, -8, -9, and -12) of humans, mice, and rats and exhibits the highest similarity with human galectin-9, which was confirmed as a tumor antigen of unknown function in Hodgkin's disease (4) . The protein was shown to be identical to the potent eosinophil chemoattractant, ecalectin, cloned from a human T-cell line (5) . Galectin-9 is an element of the galectin family of carbohydrate-binding proteins, and mouse galectin-9 induces thymocyte apoptosis in a lactose-inhibitable manner (6) . The ability of galectin to bind with the carbohydrate also modulates the secretion of galectins because they are devoid of classical secretion signals (7) . Extracellularly, the ability to interact with carbohydrates facilitates cell-cell and cell-matrix interactions. This ability also regulates receptor lattice formations on the cell membrane, which in turn regulate the signaling pathway (8) . Recent studies have shown that the C-terminal CRD of galectin-9 is a major factor influencing receptor recognition and death pathway signaling in T-cells. In addition, the N-terminal CRD of galectin-9 affects the activation of dendritic cells (9, 10) .
Tandem repeat type galectin-9 is composed of two CRDs and linker peptides and can also be in multimeric form (11) (12) (13) . The protein is very susceptible to proteolysis. There are three isoforms of galectin-9, Gal-9(L), Gal-9(M), and Gal-9(S), which vary according to the length of the linker domain between the NCRD and CCRD. The differences in eosinophil chemoattractant activity between these three isoforms are dependent on the carbohydrate binding activity of their CRDs; however, these isoforms show no differences in cancer cell adhesion or in the expression levels of their T-cells (14 -16) .
The molecular basis of the specific carbohydrate recognition and mechanism of immune evasion of full-length galectin have yet to be elucidated. Although Tl-gal shows a lower carbohydrate binding ability than other galectins (i.e. rat galectin), the carbohydrate binding ability of Tl-gal has been confirmed (3). The particular preference for carbohydrate ligands will help to clarify the molecular mechanism by which Tl-gal displays its many biological functions. In this study, we determined the first X-ray crystal structures of full-length Tl-gal having a short linker domain with carbohydrate ligands (lactose, N-acetyllactosamine (LacNAc), lacto-N-tetraose (LNT), sialyllactose (SiaLac), and glucose) on both CRDs of Tl-gal. The anti-inflammatory mediator activity of Tl-gal was inhibited by interaction with carbohydrates and mutation. In addition, the important key binding residues of Tl-gal responsible for recognizing carbohydrate ligands based on three-dimensional structures were mutated, and the mutation induced protein aggregation. Studies of Tl-galectin alone and in complexes with carbohydrate ligands will provide important clues to their structure-function relationships. The information presented herein improves our understanding of anti-inflammatory mediators and modulators of immune response.
Results

Overall Structures of the Tl-gal and Carbohydrate Complexes-
To measure the immune regulatory function of Tl-gal in inflammatory response, recombinant Tl-gal using Escherichia coli was constructed. The physiological function of Tl-gal probably depends on its carbohydrate recognition ability. Numerous carbohydrates have a more polar and a less polar face. The more polar faces hydrogen-bond with the protein, whereas the less polar faces form hydrophobic interactions with nonpolar residues. These interactions produce high-affinity binding and high specificity of galectins for their carbohydrates, which represents a kind of information transfer that is clearly central in many processes within and between cells. We investigated the interaction and structural basis between fulllength Tl-gal and five carbohydrates (lactose, LacNAc, LNT, SiaLac, and glucose).
The galectin-9 chemoattractant activity is dependent on its carbohydrate binding activity and requires both NCRD and CCRD (14 -16) . Tl-gal is a galectin-9 homologue protein that has carbohydrate binding activity (3) . In this study, we successfully determined the structures of high resolution full-length Tl-gal and its complexes with carbohydrates at high resolutions of 1.7-2.1 Å (Table 1) . We also obtained the Tl-gal mutant crystals (W77F/W212F and R61A/R196A) at the carbohydrate binding sites; however, they did not provide diffraction data. Mutant protein (E80A/E215A) of Tl-gal at the other carbohydrate binding sites was aggregated during purification. Protein aggregation is a biological situation in which misfolded proteins aggregate intra-or extracellularly (17, 18) . Exposed hydrophobic partitions of the unfolded protein can interact with the exposed hydrophobic patches of other unfolded proteins, resulting in protein aggregation. The protein aggregates are frequently poisonous and have been implicated in many diseases, including ALS, Parkinson's, Alzheimer's, and prion disease (19, 20) .
Full-length Tl-gal, composed of the N-terminal CRD (residues 1-142) and the C-terminal CRD (residues 150 -278), was held together via a short linker (residues 143-149) ( Fig. 1A) . In previous studies, we determined the first full-length Tl-galectin crystal structure at 2.0 Å in space group P2 1 2 1 2 1 (21) . Tl-galectin is composed of two antiparallel ␤-sheets that form ␤-sandwich arrangements and jelly-roll folds in each CRD. In this study, the structures of wild-type Tl-gal at 1.8 Å in P2 1 and carbohydrate complexes revealed that a ␤-strand was changed to a long loop between ␤5Ј and ␤6Ј, whereas a short ␣-helix loop was formed between ␤4Ј and ␤5Ј of the CCRD relative to the previous Tl-gal structure. As a result, the NCRD of Tl-gal had 11 ␤-strands and a small ␣-helix between ␤9 and ␤10, whereas the CCRD had 10 ␤-strands and no ␣-helix (Figs. 1B and 2A). All carbohydrates (lactose, LacNAc, LNT, and SiaLac) were bound to concave surfaces surrounded by ␤4, ␤5, and ␤6 of the Tl-gal NCRD, and those were also bound to the surfaces formed by ␤4Ј, ␤5Ј, and the loop between ␤5Ј and ␤6Ј of the Tl-gal CCRD (Figs. 1B and 2). The electron density of carbohydrates was of excellent quality (supplemental Figs. 3 and 4 ). The crystallographic statistics of full-length Tl-gal with carbohydrates are shown in Table 1 . With the exception of the glucose complex in P1, there were two molecules of Tl-gal with three carbohydrates per asymmetric unit in the P2 1 space group. The complex of Tl-gal and glucose contained four molecules of Tlgal and four glucoses in the CCRD. Interestingly, the glucose did not bind to NCRD in Tl-gal.
Binding Affinity between Tl-gal and Carbohydrates-Because tryptophan participates in carbohydrate binding, the change in its essential fluorescence can be observed in galectin-4 ligand binding assays (22) . In the present study, Tl-gal has two tryptophan residues (Trp-77 and Trp-212) involved in carbohydrate binding of the NCRD and CCRD. The maximum fluorescence emission spectra of full-length Tl-gal CRDs were observed at 348 nm using an excitation wavelength of 280 nm. After binding of carbohydrates, the fluorescence maxima shifted to a shorter 343-nm wavelength, and the emission intensities changed (Figs. 1C and 3A). The binding between Tl-gal and LNT showed a larger fluorescence maxima shift and higher fluorescence intensity than wild-type Tl-gal. The binding between Tl-gal and carbohydrates could be caused by substantial conformational changes in the complex compared with wild-type Tl-gal protein. The less strict hydrophobic circumstances produced conformational changes related to Tl-gal and carbohydrates and changes in fluorescence intensity. The mutations (W77F/W212F and R61A/R161A) of Tl-gal induced no shifts in the fluorescence maxima. Interestingly, the fluorescence emission intensity of Tl-gal mutants (W77F/W212F) showed a greater decrease than that of the wild type. This occurred because of the mutation of tryptophan to phenylalanine as well as the presence of an additional fluorescence shoulder at 303 nm that may have been a weak emission of phenylalanine ( Fig. 3B ).
Isothermal titration calorimetry (ITC) analysis was performed to measure carbohydrate binding ability between fulllength Tl-gal and carbohydrates (supplemental Fig. 7 and supplemental Table 2 ). Tl-gal bound to all carbohydrates and showed higher binding affinity with higher molecular weight LNT than other carbohydrates. The oligosaccharide epitope of the ganglio-series glycosphingolipids was embedded within higher molecular weight glycans (23) . We found that LNT physically bound to Tl-gal with an apparent K D of 24 M and that small molecular weight lactose showed the lowest binding affinity in this study. Glucose was bound relatively well to Tl-gal despite its small size. Tl-gal mutants (W77F/W212F and R61A/ R196A) showed low binding affinity or no affinity compared with binding of the wild-type Tl-gal⅐carbohydrate complexes based on the K D values (data not shown).
Carbohydrate Recognition Mechanism of Tl-gal-The direct binding of Tl-gal and carbohydrates is shown in Fig. 4 and supplemental Table 3 . Carbohydrates interact with some amino acids of the binding sites discovered in the HXXXR and WGXEER motifs on the CRDs. The carbohydrates interacted with Tl-gal on concave surfaces with charged or polar residues in the CRDs. The relative charge distribution of the concave surface is positive and basic. Tl-gal and lactose complex interacted through hydrogen bonds between lactose and polar amino acids His 57 , Asn 70 , and Trp 77 in the NCRD and His 192 , Asn 194 , Asn 205 , and Trp 212 in the CCRD. Moreover, oxygens of lactose interacted with negatively charged carboxylate groups of Glu 80 and Glu 215 , which formed interactions with nitrogens of charged residues Arg 61 and Arg 82 in the NCRD and Arg 196 in CCRD. Positively charged Arg 61 and Arg 196 of Tl-gal have the ability to form multiple bonds for binding with negatively charged oxygens of lactose, which were stabilized strongly through binding with lactose. The interactions of Arg or Glu residues with carbohydrates are strongly electrostatic.
In the complex of Tl-gal and LacNAc, similar to the interaction between Tl-gal and lactose, nitrogen or oxygen of the charged residues Arg 61 /Arg 196 and Glu 80 /Glu 215 in Tl-gal formed strong multiple bonds with oxygen of LacNAc. In addition, Arg 82 interacted weakly with LacNAc. Polar amino acids His 57 , Asn 70 , His 192 , Asn 205 , and Trp 212 also interacted with the oxygen of LacNAc; however, Trp 77 and Asn 194 did not.
Tl-gal interacted most strongly with high molecular weight LNT among these carbohydrates. As in the lactose complex, polar residues containing hydrogen bonds in the Tl-gal and LNT complex were His 57 , Asn 70 , His 192 , Asn 194 , and Asn 205 . Trp 77 and Trp 212 did not participate in the interaction between Tl-gal and LNT. The charged residues of Arg 61 , Glu 80 , Arg 196 , and Glu 215 play important roles through the strong binding with carbohydrates. In addition, Glu 199 and Arg 82 did participate in the interaction with LNT. The Tl-gal and SiaLac complex showed similar binding with lactose complex. Polar Ser 59 residue participated in binding to SiaLac; however, the residues of Asn 205 did not. Interestingly, in the case of Tl-gal and glucose complex, four glucoses did not bind to NCRD, but they did bind to CCRD through interactions with the His 192 , Asn 194 , Arg 196 , Asn 205 , Trp 212 , and Glu 215 residues of Tl-gal.
As a result, Tl-gal can recognize five carbohydrates through interaction with the residues on the ␤4/␤5/␤6 and the loop region of ␤5-␤6 in the NCRD and ␤4Ј/␤5Ј and the loop region of ␤5Ј-␤6Ј in the CCRD.
Conformational Changes in Tl-gal and Tl-gal⅐Carbohydrates and Structural Differences between NCRD and CCRD in Tl-gal-To investigate the conformational differences between wild-type Tl-gal and Tl-gal⅐carbohydrate complexes (lactose, LacNAc, LNT, SiaLac, and glucose), their structures were superimposed ( Fig. 5 , A-C). Their average root mean square deviations (RMSDs) were found to be 0.346, 0.259, 0.387, 0.175, and 0.280 Å, respectively. Superposition of wild-type Tl-gal and 
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five Tl-gal⅐carbohydrate complexes showed differences in the loop regions of the CRDs (supplemental Fig. 2 and Table 4 ). The RMSDs of the wild-type Tl-gal and Tl-gal⅐carbohydrate complexes are 0.117, 0.146, 144, 0.161, and 0.204 Å in NCRD and 0.071, 0.101, 0.122, 0.136, and 0.169 Å in CCRD, respectively. The RMSDs of NCRDs between Tl-gal and Tl-gal with carbohydrates showed larger differences than those of the CCRDs. From the superpositions of these structures, we found that residues with RMSDs exceeding 0.8 -3.5 Å were mainly the Asn 44 -Gly 51 and Glu 218 -Lys 220 residues. Residues having large RMSDs were primarily located in the long loops between ␤3 and ␤4 sheets on the NCRD and between ␤5Ј and ␤6Ј sheets on the CCRD. In other words, large conformational changes caused by binding to carbohydrates were shown in the loop regions on ␤3-␤4 and ␤5Ј-␤6Ј sheets around the carbohydrate recognition regions of the CRDs. The binding sites of carbohydrates were almost congruous with each other in the five carbohydrate-binding complexes. The four carbohydrates (lactose, LacNAc, LNT, and SiaLac) were bound to both CRDs of Tl-gal. However, glucoses were only bound to CCRD of T-gal, despite their small sizes. Three carbohydrate (lactose, LacNAc, and LNT) complexes showed similar binding residues and conformational changes as wildtype Tl-gal. Tl-gal complex with SiaLac showed little conformational change, except for the Ser 46 residue (3.5 Å RMSD) (supplemental Fig. 6 ). In the complex of Tl-gal and glucose, the residues (Leu 15 -Pro 18 ) at the long loop between the ␤1 and ␤2 sheets on the NCRD showed some RMSDs from wild-type Tlgal, whereas other residues showed deviation patterns similar to those of other carbohydrates complexes. Because of this stability of CCRD, the glucose might be strongly bound to the CCRD in Tl-gal.
To understand the structural differences between NCRD and CCRD and confirm the conserved binding motif in the CRDs of Tl-gal, amino acid sequence alignment of the CRDs of Tl-gal was performed. This alignment revealed that NCRD and CCRD shared 37.1% homology. The amino acid sequences of Tl-gal with secondary structures are shown in Fig. 1B . The HXXXR and WGXEER motifs were conserved in the CRDs involved with carbohydrate binding sites (Fig. 1B) .
Linker Domain and Molecular Packing of Tl-gal-Tandem repeat type galectins (galectin-4, -6, -8, -9, and -12) have two CRDs in the N-terminal and C-terminal regions linked by about 30 peptides. This linker region is flexible and unstable, so conformational changes are often observed. We recently reported a novel crystal structure of full-length Tl-gal containing both CRDs (21) . In this study, we determined the X-ray structure of wild-type full-length Tl-gal in a high resolution ligand-free form and its complexes with five different carbohydrates. Interestingly, the linker domain of Tl-gal was shorter than that of other tandem repeat type galectins. The conserved amino acids in the linker domain of galectins were shown, and surprisingly, there were no conformational changes in the linker domains between wild-type Tl-gal and carbohydrate complexes (supplemental Fig. 5 ). We found that the linker domain of Tl-gal is very stable. We expressed and purified NCRD or CCRD from Tl-gal, however, we could not successfully make crystals from these domains. This property is novel and indicates that the fulllength structure of Tl-gal is more stable either domain of Tl-gal or other galectins alone.
Molecular packing involves reconstructing neighboring asymmetric units from the crystallographic experiment that produced the given structure. Molecular interactions of Tl-gal and carbohydrate complexes are shown in asymmetric units (Fig. 2H ). In these structures, the Tl-gal complexes were tightly packed with symmetrically related Tl-gal molecules. The structure had different molecular packing compared with that of known tandem repeat type galectin-9.
Effect on Mutagenesis of Tl-gal-In the complexes of Tl-gal and carbohydrates, the arginine, glutamic acid, and tryptophan on CRDs were structurally important residues for binding of these complexes. To investigate the function of Arg, Glu, and Trp on the conserved and binding motifs of CRDs, mutagenesis (R61A/R196A, E80A/E215A, and W77F/W212F) was performed and confirmed by SDS-PAGE (Fig. 2I) . The mutation of W77F/W212F induced exposure to the hydrophobic amino acid Phe. The crystal of the W77F/W212F and R61A/R196A mutation could not collect diffraction data and might have unstable geometry of the three-dimensional structure because of the mutation. The mutation of E80A/E215A induced the exposure of the charged amino acid Glu to the hydrophobic amino acid of Ala and caused protein aggregations. These mutations in Tl-gal might have broken electrostatic or polar interactions and induced a decrease in the secondary structure. They are also likely to interfere with proper folding of the mutant proteins and induce large conformational changes and alterations in the function of Tl-gal (supplemental Fig. 2) .
Protease Resistance of Tl-gal-To determine the protease susceptibility of Tl-gal, trypsin treatment was applied for 12 h at 37°C. Almost no wild-type full-length Tl-gal was degraded during trypsin treatment, presumably because of there being a short linker region, as shown in Fig. 3C . The short linker region of wild-type Tl-gal showed stability against protease degradation. However, two mutant forms, W77F/W212F and R61A/ R196A, were almost entirely degraded by trypsin after 15 min at 37°C (Fig. 3, D and E) . The mutants were degraded more rapidly than the wild type and were unstable for trypsin. These results showed that the linker and carbohydrate binding regions of Tl-gal play important roles in the structural stability of Tl-gal protein.
Hemagglutination Activity of Tl-gal Was Inhibited by Carbohydrate-Galectins have hemagglutination activity caused by their carbohydrate binding activity. To determine whether five carbohydrates (lactose, LacNAc, LNT, SiaLac, and glucose) could affect Tl-gal⅐carbohydrate binding activity, the hemagglutination activity on human erythrocytes was examined. As shown in Fig. 6 , the amounts of Tl-gal for the hemagglutination assay were 1-0.03 g/well. At high concentrations of Tl-gal, hemagglutination activity increased; however, the activity was inhibited by the addition of carbohydrates. Tl-gal mutants (W77F/W212F and R61A/R196A) showed no activities on a hemagglutination assay and were not changed by the addition of carbohydrates.
Elevation of IL-10 and TGF-␤ Production in Splenocytes by Tl-gal Was Inhibited after Adding Carbohydrates-Expression of IL-10 and TGF-␤, which was related to regulatory T-cells, was elevated by Tl-gal treatment in vivo and in vitro (3). To identify changes in the immunological function of Tl-gal with or without added carbohydrates, IL-10 and TGF-␤ production of splenocytes was evaluated after the addition of carbohydrates. In splenocytes, IL-10 and TGF-␤ concentrations increased significantly in response to Tl-gal treatments but were inhibited by the addition of all carbohydrates. In addition, mutant Tl-gal treatments were inhibited with or without carbohydrates (Fig. 6 ).
Discussion
All galectins possess a conserved carbohydrate recognition domain, which enables interaction with other proteins or carbohydrates. Tl-gal is a galectin-9 homologue gene isolated from the canine gastrointestinal nematode parasite, T. leonina (3) . We investigated the interaction and structural basis between full-length Tl-gal and five carbohydrates (lactose, LacNAc, LNT, SiaLac, and glucose). Full-length Tl-gal, composed of the NCRD (residues 1-142) and CCRD (residues 150 -278), was held together via a short linker (143-149). The NCRD of Tl-gal had 11 ␤-strands and a small ␣-helix between ␤9 and ␤10, whereas the CCRD had 10 ␤-strands and no ␣-helix ( Figs. 1B  and 2A ). The chemical structures and electron density maps of the carbohydrates are shown in Fig. 1C and supplemental Fig. 3 . Based on alignment of the NCRD and CCRD of Tl-gal, conserved motifs (HXXXR and WGXEER) were confirmed in the CRDs (Fig. 1B) . This alignment showed that the NCRD and CCRD were 37.1% homologous. In this study, the carbohydrates (lactose, LacNAc, LNT, and SiaLac) interacted with the conserved motifs of both CRDs and glucoses strongly bound only to the motifs on the CCRD of the Tl-gal. Tl-gal showed greater binding affinity with higher molecular weight LNT than other carbohydrates.
The overall structures and detailed binding sites of the Tl-gal and carbohydrate complexes were also revealed ( Figs. 2 and 4 ). All carbohydrates (lactose, LacNAc, LNT, and SiaLac) were bound to concave surfaces surrounded by ␤4, ␤5, and ␤6 of the Tl-gal NCRD, but these were also bound to the surfaces formed by ␤4Ј, ␤5Ј, and the loop between ␤5Ј and ␤6Ј of the Tl-gal CCRD (Figs. 1B and 2) . The binding sites formed concave surfaces with positive charges due to the presence of arginine on the CRDs in Tl-gal. Large conformational changes caused by binding to carbohydrates were observed in the loop regions on the ␤3-␤4 and ␤5Ј-␤6Ј sheets neighboring the carbohydrate recognition regions of the CRDs. The binding sites of carbohydrates were almost congruous with each other in the five carbohydrate-binding complexes. The structural basis of wildtype full-length Tl-gal with carbohydrates suggests that Tl-gal functions as a novel anti-inflammation agent for patients with inflammatory bowel disease or autoimmune diseases, most notably Crohn's disease.
The diffraction data of the mutants of W77F/W212F and R61A/R196A at the carbohydrate binding sites were not successfully collected, and the mutant protein (E80A/E215A) of Tl-gal at the other carbohydrate binding sites was aggregated during purification by the misfolded protein. In this study, charged Arg 61 /Arg 196 and Glu 80 /Glu 215 were found to be crucial residues for protein folding and structure. In addition, polar His, Asn, and Trp were also important for the interaction with carbohydrates through hydrogen bonding. The binding between Tl-gal and LNT showed the largest fluorescence maximum shift and highest fluorescence intensity relative to wild-type Tl-gal. Tl-gal bound to all carbohydrates and showed higher binding affinity with higher molecular weight LNT than other carbohydrates. Tl-gal mutants (W77F/ W212F and R61A/R196A) showed low binding affinity or no affinity compared with the binding of wild-type Tl-gal⅐ carbohydrate complexes.
Tandem repeat type galectins (galectin-4, -6, -8, -9, and -12) have two CRDs in the N-terminal and C-terminal regions linked by ϳ30-peptides. This linker region was flexible and unstable, so conformational changes were often shown in this region. Interestingly, the short linker region between NCRD and CCRD of Tl-gal was especially stable against proteolysis and Tl-gal maintained its biological activity. There were no conformational changes in the linker domains between wild-type Tl-gal and the carbohydrate complexes.
Alignment revealed that Tl-gal possessed a shorter linker domain (composed of seven amino acids) than other galectins (supplemental Fig. 5 ). In a recent study, the structure of the full-length mutant galectin-8 was determined, and the linker domain of mutant galectin-8 was replaced by only two amino acids, signifying that the length of the linker domain in galectins had an effect on the formation of crystals (24) . Conversely, the short linker domain of Tl-gal was influenced by the structural stability. In this study, crystals of NCRD and CCRD of Tl-gal were not grown. Superposition of the linker domains in wildtype Tl-gal and the Tl-gal complexes with carbohydrates revealed that they were almost identical. The full-length Tl-gal also showed structural stability when analyzed using UV-visible spectra of the protein (supplemental Fig. 8 ). Based on these results, Tl-gal is suggested to be a novel anti-inflammation agent with improved immune efficacy, especially in an acidic intestinal environment.
In this study, structures of the full-length Tl-gal complexes with carbohydrates were determined for the first time, and the binding modes of the complexes were revealed. The binding sites for the Tl-gal complexes were located in conserved motifs on the CRDs. Furthermore, the binding affinity of Tl-gal with carbohydrates was also measured using ITC analysis. In recent studies, galectin-9 was found to play an important role in human disease (25) ; therefore, Tlgal, a galectin-9 homologue protein, may also play a critical role in human disease. Moreover, Tl-gal induces increase in the levels of TGF-␤ and IL-10 and can ameliorate intestinal inflammation (3) . Five carbohydrates (lactose, LacNAc, LNT, SiaLac, and glucose) can affect Tl-gal⅐carbohydrate FIGURE 3 . Fluorescence analyses and protease susceptibility of Tl-gal. A-D, fluorescence analyses of the wild-type and mutant Tl-gal (W77F/W212F and R61A/R196A) with carbohydrates are shown. E-G, protease susceptibilities of the wild-type and mutants Tl-gal are shown. The wild-type and mutant Tl-gal were incubated with trypsin at an enzyme/substrate ratio of 1:100 at 37°C. Aliquots were withdrawn from the reaction mixture at different times and then subjected to SDS-PAGE.
binding activity, and hemagglutination activity of Tl-gal on human erythrocytes was inhibited by interaction with carbohydrates. Consequently, the results of this study will help to reveal the binding mechanism between Tl-gal and carbohydrates and binding partners, which may contribute to the design of therapeutic strategies for human disease. 
Experimental Procedures
Expression, Purification, and Mutagenesis of Tl-gal-Fulllength Tl-gal (amino acids 1-278) incorporated into pET-28a expression vector was transformed into E. coli BL21 (DE3). Recombinant protein expression was induced by isopropyl ␤-D-1-thiogalactopyranoside for 16 h at 25°C (21) . The cells were then harvested and resuspended in lysis buffer A (50 mM Tris-HCl (pH 8.0) and 200 mM NaCl). The supernatant was then sonicated and purified using a nickel-nitrilotriacetic acid column and gel filtration chromatography in conjunction with an FPLC system (GE Healthcare), after which the proteins were confirmed by SDS-PAGE. For site-directed mutagenesis of Tlgal, double-stranded oligonucleotides were used (supplemental Table 1 ). PCR was then performed in a mixture containing template, each primer, dNTPs, and Pfu DNA polymerase. Next, the amplified DNA was digested with DpnI enzyme and trans-FIGURE 6. Hemagglutination assay of Tl-gal with carbohydrates. A-C, hemagglutination assay of Tl-gal with carbohydrates (left). Ten M of each carbohydrate (lactose, glucose, LacNAc, SiaLac, and LNT) was added in serially diluted concentrations (0.031-1.0 g) of Tl-gal in ABO type B human blood (lanes 1-6) . The control erythrocytes formed mats on the bottoms of the wells. Each BSA, lactose, glucose, LacNAc, SiaLac, and LNT was added to the blood (lane 1) as a negative control. The levels of IL-10 and TGF-␤ production of splenocytes by Tl-gal with or without added carbohydrates (middle and right panels) are shown. A total of 5 ϫ 10 6 splenocytes were incubated for 72 h with 1 g/well of Tl-gal or Tl-gal mutants (m1 and m2) with 10 M carbohydrates. The supernatants were used to measure the levels of IL-10 and TGF-␤ (*, p Ͻ 0.05; **, p Ͻ 0.001; ***, p Ͻ 0.0001). The levels of IL-10 and TGF-␤ production of splenocytes Tl-gal-m1 (W77F/W212F) and Tl-gal-m2 (R61A/R196A) with or without added carbohydrates are shown.
